C ell division in many metazoa is accompanied by the disassembly of the nuclear envelope and the assembly of the mitotic spindle. These dramatic structural rearrangements are reversed after mitosis, when the mitotic spindle is dismantled and the nuclear envelope reassembles. The targeting protein for XKlp2 (TPX2) plays important roles in mitotic spindle assembly. We report that TPX2 depletion from nuclear assembly extracts prepared from Xenopus laevis eggs results in the formation of nuclei that are only about one fi fth the size of control nuclei. TPX2-depleted nuclei assemble nuclear envelopes, nuclear pore complexes, and a lamina, and they perform nuclear-specifi c functions, including DNA replication. We show that TPX2 interacts with lamina-associated polypeptide 2 (LAP2), a protein known to be required for nuclear assembly in interphase extracts and in vitro. LAP2 localization is disrupted in TPX2-depleted nuclei, suggesting that the interaction between TPX2 and LAP2 is required for postmitotic nuclear reformation.
Introduction
The defi ning feature of eukaryotic cells is the separation of the chromosomes from the cytoplasm, which is achieved by the nuclear envelope (NE), a highly selectively permeable double membrane system. The enclosure of the genetic information within the nucleus generates a unique environment that separates DNA replication, transcription, and RNA processing from protein synthesis (for reviews see Shumaker et al., 2003; Gruenbaum et al., 2005) . Communication between the nucleus and the cytoplasm occurs through nuclear pore complexes (NPCs), specialized protein-fi lled "holes" that span the NE. The NE of eukaryotes consists of a double lipid bilayer named the inner and outer nuclear membranes. The outer nuclear membrane is structurally and functionally continuous with the ER, whereas the inner nuclear membrane harbors a unique set of proteins that helps connect the membrane to the underlying lamina and provide specialized chromatin regulatory domains (Schirmer et al., 2003 ; for reviews see Holmer and Worman, 2001; Goldman et al., 2002; Maidment and Ellis, 2002; Gruenbaum et al., 2003; Schirmer and Gerace, 2005) . The inner nuclear membrane is anchored to the nuclear lamina, a polymeric meshwork composed of specialized intermediate fi lament proteins named lamins.
The major lamin type present in Xenopus laevis eggs, lamin B3, is associated with the inner nuclear membrane via posttranslational isoprenyl groups (for review see Goldman et al., 2002) as well as integral inner nuclear membrane and lamina-associated polypeptides (LAPs; for reviews see Gant and Wilson, 1997; Shumaker et al., 2003; Gruenbaum et al., 2005) . The nuclear lamina provides structural support to the nucleus (Newport et al., 1990) , and its expansion is required for continued nuclear growth (Lopez-Soler et al., 2001; Shumaker et al., 2005) .
During cell division in metazoa, NE components are disassembled and dispersed throughout the dividing cell (Gerace and Blobel, 1980;  for review see Gant and Wilson, 1997) . After NE breakdown, the mitotic spindle assembles and then segregates the duplicated chromosomes. At the end of mitosis, the mitotic spindle disassembles and a new NE reassembles around the segregated chromosomes. Postmitotic nuclear reassembly requires at least two distinguishable steps: (1) enclosure of the chromatin within a functional NE and (2) growth and expansion of this NE. Initial steps during enclosure of the chromatin include the targeting of nuclear vesicles to the chromosomes, the fusion of vesicles to reform the nuclear membranes, the assembly of NPCs, and the formation of the nuclear lamina. Continued NE growth requires further vesicle fusion, nuclear protein import, and lamina expansion (for reviews see Gant and Wilson, 1997; Marshall and Wilson, 1997) . Although it is clear that phosphorylation and dephosphorylation of key structural elements are required for the large-scale molecular rearrangements that take place during TPX2 is required for postmitotic nuclear assembly in cell-free Xenopus laevis egg extracts NE breakdown and reformation, the molecular mechanisms of these processes remain largely unknown.
One class of proteins implicated in NE reformation is LAPs. LAP2β (also known as thymopoietin) is a ubiquitously expressed and highly conserved (Zevin-Sonkin et al., 1992; Harris et al., 1994 Harris et al., , 1995 Berger et al., 1996; Ishijima et al., 1996; Theodor et al., 1997) inner nuclear membrane protein that binds to lamin B and chromosomes (Foisner and Gerace, 1993; Furukawa et al., 1995 Furukawa et al., , 1998 . The six isoforms of mammalian LAP2 (designated α, β, γ, δ, ε, and ζ) are generated by alternative splicing of the same transcript (Harris et al., 1994; Berger et al., 1996; Dechat et al., 1998) . With the exception of mammalian LAP2α and LAP2ζ, all LAP2 isoforms have a common transmembrane domain at their COOH terminus and are type II integral membrane proteins of the inner nuclear membrane (for review see Dechat et al., 2000) . LAP2γ, δ, and ε are closely related to LAP2β, but each lacks one or more of several short regions of the nucleoplasmically oriented NH 2 -terminal domain, which is involved in both lamin B and chromatin binding. In mammals, LAP2α, β, and γ are the major LAP2 isoforms (Harris et al., 1994; Alsheimer et al., 1998; Goldberg et al., 1999) . Several LAP2 isoforms have also been found in X. laevis tissue culture cells (Lang et al., 1999) , oocytes (Gant et al., 1999; Lang et al., 1999) , or early embryos (Lang et al., 1999) , but their molecular structure has not been elucidated. The three LAP2 cDNAs isolated from X. laevis oocyte mRNAs (coding for proteins with predicted molecular masses of 62.84 kD [clone 2], 46.4 kD [clone 3], and 58.7 kD [clone 4]) most closely resemble human LAP2β in primary sequence and also appear to be related by alternative splicing (Gant et al., 1999) , but how these clones correspond to the ‫-58ف‬kD oocyte-specifi c LAP2 isoform (Lang et al., 1999 ) is presently unclear. It is interesting to note that its biochemical properties make it likely that the 85-kD isoform has a transmembrane domain and is therefore related to LAP2β (Lang et al., 1999) .
LAP2β is proposed to link chromatin to the NE during interphase (Foisner and Gerace, 1993; Furukawa et al., 1995 Furukawa et al., , 1998 , and at least two lines of evidence support the notion that LAP2β is required for NE reassembly and expansion after cell division: (1) microinjection of recombinant LAP2 mutant proteins into mammalian cells inhibits postmitotic nuclear expansion (Yang et al., 1997) and (2) addition of recombinant LAP2 mutant proteins to X. laevis egg extracts disrupts nuclear morphology and lamina assembly (Gant et al., 1999) .
In recent years, an increasing number of proteins have been shown to play important and sometimes seemingly unrelated roles in both interphase and mitosis (for review see Kline-Smith and Walczak, 2004) . Most prominent among them are the components of the nuclear traffi cking machinery, the RanGTPase, and its binding proteins and effectors (for reviews see Quimby and Dasso, 2003; Di Fiore et al., 2004; Hetzer et al., 2005) . Several spindle assembly factors are mitotic targets of the RanGTPase pathway, including the targeting protein for XKlp2 (TPX2). TPX2 was originally discovered as a microtubule binding and loading factor for the mitotic kinesin XKlp2 (Wittmann et al., 2000) . Since then, it has been shown to play multiple roles during mitosis: TPX2 is involved in focusing microtubules at mitotic spindle poles (Wittmann et al., 2000) , in bipolar mitotic spindle assembly (Garrett et al., 2002; Gruss et al., 2002) , in nucleating microtubules near the chromosomes (Gruss et al., 2001; Schatz et al., 2003) , and in activating the mitotic kinase Eg2 in a RanGTPase-dependent manner (Tsai et al., 2003; Eyers and Maller, 2004) . TPX2 localizes predominantly to spindle poles during mitosis and to the nucleus during interphase (Garrett et al., 2002; Wittmann et al., 2000) . Although important functions for TPX2 in mitotic spindle assembly are well documented (Wittmann et al., 2000;  for review see Gruss and Vernos, 2004) , a functional role for its accumulation in the nucleus during interphase has not been reported.
We show that X. laevis TPX2 interacts with LAP2 in a cell-free nuclear assembly assay based on extracts made from the eggs of the South African clawed frog, X. laevis, and in vitro. When interphase X. laevis egg extracts depleted of TPX2 were induced to assemble nuclei by the addition of demembranated sperm chromatin, they formed signifi cantly smaller nuclei than control extracts. Nonetheless, these nuclei were able to perform nuclear functions, including nuclear import, selective permeability, and DNA replication. TPX2 depletion resulted in decreased accumulation of LAP2 at the NE. Together, these data suggest a novel role for TPX2 in LAP2-mediated NE growth.
Results

TPX2 depletion from interphase X. laevis egg extracts results in small, misshapen nuclei
TPX2 accumulates in nuclei assembled in vitro (Wittmann et al., 2000) and in interphase tissue culture cells (Fig. 1 A ; Wittmann et al., 2000; Garrett et al., 2002; Gruss et al., 2002; Stewart and Fang, 2005) . TPX2 staining appears mostly reticular but also shows a distinct nuclear rim staining in a subset of nuclei (Fig. 1 A; see Fig. 5 in Wittmann et al., 2000) . Two explanations can account for the accumulation of TPX2 in nuclei: (1) TPX2 needs to be sequestered from the cytoplasm during interphase to avoid its effects on microtubules or (2) TPX2 plays a functional role in interphase nuclear assembly or architecture. The reticular distribution and nuclear rim staining of TPX2 prompted us to further explore whether TPX2 might serve a functional role in the nucleus.
Nuclear assembly can be studied in vitro using wellestablished nuclear assembly assays based on extracts made from the eggs of the South African clawed frog, X. laevis. In a process that mimics sperm entry during fertilization, demembranated X. laevis sperm added to interphase extracts readily attract NE components and assemble functional nuclei in vitro (for review see Marshall and Wilson, 1997) . To test whether TPX2 has a role in nuclear assembly or architecture, we used the in vitro nuclear assembly assay to examine the effects on nuclear assembly of altering TPX2 levels (Fig. 1) . Adding bacterially expressed recombinant TPX2 to interphase extracts resulted in a dose-dependent reduction in the size of nuclei formed around exogenously added sperm chromatin (Fig. 1 B) . Similarly, depletion of TPX2 from the egg extract resulted in the formation of small nuclei (Fig. 1 C; we refer to these as TPX2-∆ nuclei), TPX2 REGULATES NUCLEAR GROWTH • O'BRIEN AND WIESE 687 whereas it had no effect on microtubules (Fig. 1 D) . Under conditions where >98% of TPX2 was depleted from the extract (Fig. 1 E) and nuclei were fi xed and examined 80 min after the start of the assembly reaction, nuclear size was reduced by ‫%08ف‬ compared with controls ( Fig. 1, F and G) . Importantly, readdition of endogenous levels ‫001ف(‬ nM; Wittmann et al., 2000) of recombinant TPX2 to TPX2-∆ extract largely rescued the defects in nuclear size (Fig. 1, F and G), but only if the exogenous TPX2 was supplied at the beginning of the reaction. Addition of recombinant TPX2 1 h after the start of the nuclear assembly reaction was unable to rescue the defect even after prolonged (>60 min) incubation (Fig. 1, F and G) . These results suggested that both too much and too little TPX2 disrupted nuclear assembly. They further suggested that TPX2 function is required during the early stages of nuclear reformation.
TPX2-nuclei assemble fully functional
NEs that support replication
Several possibilities could account for the small size of TPX2-∆ nuclei. For example, TPX2 depletion could directly or indirectly infl uence the levels of one or more nuclear components that are limiting. These include the building blocks of the nuclear membranes, the nuclear lamina, or the NPCs or factors involved in chromatin remodeling during decondensation. It was also possible that nuclear import was somehow affected. Alternatively, TPX2 could be involved in the overall regulation of nuclear assembly.
Furthermore, importin α and β have been implicated in nuclear membrane fusion and NPC assembly (Askjaer et al., 2002; Harel et al., 2003; Ryan et al., 2003; Walther et al., 2003; Hachet et al., 2004;  for review see Hetzer et al., 2005) , and TPX2 is known to interact with both (Gruss et al., 2001; Schatz et al., 2003) .
To distinguish these possibilities and to begin to understand the function of TPX2 in nuclear assembly, we examined nuclei assembled in TPX2-∆ extracts for their ability to support chromatin decondensation and to assemble nuclear membranes and NPCs. Because small nuclei could result from chromatin decondensation defects, we fi rst examined the effect of TPX2 depletion on stage I chromatin decondensation (as defi ned by Philpott et al., 1991) . Both the extent and the timing of decondensation of chromatin incubated in high-speed supernatant depleted of TPX2 were indistinguishable from mock-depleted extracts (Fig. S1 , available at http://www.jcb.org/cgi/content/ full/jcb.200512107/DC1), suggesting that TPX2 was not required for the initial stages of chromatin decondensation. Next, we tested whether TPX2-∆ nuclei were able to assemble nuclear membranes. Staining of TPX2-∆ nuclei with the membrane dye 3,3′-dihexyloxacarbocyanine (DHCC) revealed a smooth and continuous line (Fig. 2 A) , suggesting fused and fully assembled nuclear membranes (Boman et al., 1992; Harel et al., 2003) .
To address whether TPX2-∆ nuclei possessed NPCs and a nuclear lamina, we immunostained nuclei assembled in TPX2-∆ (B) Addition of exogenous TPX2 to interphase extracts disrupts nuclear size. Nuclear assembly reactions were supplemented with buffer (a), or 0.2 μM (b), 1.5 μM (c), 2.5 μM (d), 3.5 μM (e), or 6 μM (f) recombinant TPX2, incubated for 80 min at room temperature, fi xed, spun onto coverslips, and stained for DNA with Hoechst dye. The concentration of TPX2 added ranged from twofold (0.2 μM) to 60-fold (6 μM) over endogenous TPX2 levels. (C) Interphase X. laevis egg extracts were depleted with either nonspecifi c IgG (a) or anti-TPX2 antibodies (b). The extracts were then induced to form nuclei by addition of demembranated X. laevis sperm chromatin, incubated at room temperature for 80 min, fi xed, and spun onto coverslips. The coverslips were stained with Hoechst dye to visualize the DNA. (D) Samples were prepared as in C, but were supplemented with a small amount of rhodamine-labeled tubulin to visualize microtubule structures in mock-depleted (a) or TPX2-∆ (b) extracts. (E) TPX2 levels are reduced by >98% in depleted extracts. TPX2 Western blot of mock-depleted (lane 1) or increasing amounts of TPX2-∆ (lanes 2-4) extracts. The volume of extract loaded ranged from 1 to 10 μl for the depleted extract as indicated above the lanes. (F) Nuclear size can be rescued by readdition of bacterially expressed recombinant TPX2, but TPX2 must be present at the start of the assembly reaction. Nuclei are visualized by DNA staining. Typical nuclei assembled in mock-depleted extract (a), TPX2-∆ extract supplemented with buffer (b), TPX2-∆ extract supplemented with 100 nM TPX2 at the beginning of the assembly reaction (c), or TPX2-∆ extract supplemented with 100 nM TPX2 60 min after the beginning of the assembly reaction and incubated for an additional 60 min (d) are shown. Buffer controls were supplemented with an equivalent volume of buffer. (G) Quantitation of the area enclosed by the nuclei assembled in mock-depleted extracts, TPX2-∆ extracts, or extracts reconstituted with TPX2 at the beginning of the assembly reaction, as described for the experiment shown in F. At least 50 nuclei were measured per sample in fi ve independent experiments. Error bars indicate standard deviation. Bars, 25 μm.
extracts for nucleoporins using the monoclonal antibody mAb414 (Davis and Blobel, 1986) or for lamin B3 using the monoclonal antibody L6-5D5 (Stick, 1988) . MAb414 robustly labeled the nuclei assembled in TPX2-∆ extracts, indicating the presence of NPCs ( Interestingly, the overall ultrastructure of TPX2-∆ nuclei was also indistinguishable from controls ( Fig. 2 D) .
It was possible that, even though NE membranes and NPCs could assemble around chromatin in TPX2-∆ extracts, the resulting structures were unable to perform typical nuclear functions, such as nuclear protein import, exclusion of nonnuclear substrates, and DNA replication. To address these questions, we fi rst added rhodamine-labeled nucleoplasmin (Newmeyer and Wilson, 1991) to TPX2-∆ nuclear assembly reactions. Overlap of the rhodamine signal with the chromatin stain indicated that the labeled nucleoplasmin was imported into the depleted nuclei (Fig. 3 A) . When nuclear protein import was experimentally blocked by the addition of the inhibitor wheat germ agglutinin (Finlay et al., 1987) rhodamine nucleoplasmin failed to accumulate in the nuclei (Fig. 3 A) . These results suggested that TPX2-∆ nuclei are competent for nuclear import.
To determine whether TPX2-∆ nuclei provided a permeability barrier, rhodamine-labeled 155-kD dextran was added to TPX2-∆ nuclear assembly reactions. The dextran was excluded from TPX2-∆ nuclei (Fig. 3 B) , indicating that they were able to selectively exclude nonnuclear compounds. Next, we sought to determine whether TPX2-∆ nuclei were competent for DNA replication. To test replication effi ciency, we incubated depleted extracts with [ 32 P]dCTP and measured the amount of incorporation of the label. The TPX2-∆ nuclei were able to incorporate [ 32 P]dCTP (Fig. 3 C) . To distinguish DNA repair from DNA replication, we measured [ 32 P]dCTP incorporation in the presence of the inhibitor of DNA polymerase α, aphidicolin. Incorporation of labeled dCTP was sensitive to aphidicolin ( Fig. 3 C, a) , indicating that it was not caused by DNA repair. Thus, we conclude that TPX2 is not required for DNA replication. Interestingly, in some experiments, replication proceeded more effi ciently in TPX2-∆ nuclei compared with mock-depleted controls (Fig. 3, C and D) . This is discussed in more detail in the Discussion section.
In summary, we concluded that, despite their small size, nuclei assembled in TPX2-∆ interphase extracts were able to assemble a double nuclear membrane that contained functional NPCs and a nuclear lamina. We further concluded that TPX2-∆ nuclei were able to perform functions generally ascribed to nuclei, such as selective nuclear import and DNA replication.
LAP2 is a binding partner of TPX2 in interphase
To identify potential binding partners of TPX2 during nuclear assembly and thus begin to understand how TPX2 functions in nuclear assembly, we analyzed GST-TPX2 pull downs from interphase or mitotic X. laevis egg extracts. SDS-PAGE and Coomassie staining showed that several proteins copurifi ed with GST-TPX2 incubated in interphase or mitotic extracts and reisolated (Fig. 4 A) . MALDI-TOF (matrix-assisted laser desorp tion ionization-time of fl ight) mass spectrometry analysis of the ‫-04ف‬kD protein that copurifi ed with GST-TPX2 (excised from the gel and processed for mass spectrometry as described in Materials and methods) identifi ed two proteins that were of special interest to us: actin and the inner nuclear membrane protein LAP2. Further analysis by Western blots revealed that both actin (unpublished data) and LAP2 (two isoforms migrating at ‫58ف‬ and ‫06ف‬ kD, respectively) were indeed present in the TPX2 pull downs (Fig. 4 B, a and e) .
Although no obvious differences between interphase and mitotic pull downs were apparent by Coomassie staining, Western blots revealed that LAP2 preferentially copurifi ed with GST-TPX2 incubated in interphase extracts (Fig. 4 B, a) . Endogenous LAP2 and TPX2 also interacted, as shown by coimmunoprecipitation experiments using either TPX2 or LAP2 antibodies as probes (Fig. 4 B, b and c) .
To determine whether the interaction between TPX2 and LAP2 was direct or possibly mediated by another protein, purifi ed recombinant GST-XLAP2 nucleoplasmic domain (amino acids 1-471) was mixed with increasing amounts of untagged recombinant TPX2, and the mixture was incubated in vitro. Proteins were then adsorbed to glutathione-agarose beads, and bound and unbound proteins were separated by SDS-PAGE and visualized by Coomassie staining (Fig. 4 C) . TPX2 binding to GST-LAP2 was specifi c and saturable (Fig. 4 C) , suggesting that LAP2 directly bound to TPX2. GST-TPX2, GST, or buffer were incubated in interphase or mitotic extracts and were retrieved using glutathione-agarose beads. Proteins were eluted from the beads by treatment with a protease that cuts between the GST and TPX2 (the GST remains bound to the beads), and eluted proteins were boiled in SDS sample buffer and separated on a 10% gel. Sizes of molecular mass markers are indicated on the left, and the position of TPX2, importin β, and actin are indicated on the right. (B, a) LAP2 associates with GST-TPX2 reisolated from egg extracts. LAP2 Western blots of GST pull downs from interphase and mitosis, prepared as in A. Buffer, GST, or GST-TPX2 was added to interphase or mitotic extract. (C) LAP2 interacts with TPX2 in vitro. Bacterially expressed GST-XLAP2 was incubated in vitro with increasing amounts of untagged TPX2 (lanes 2-7). GST-LAP2 was then retrieved with glutathione-agarose beads, and the amount of TPX2 that copurifi ed (top) was examined on Coomassie-stained SDS-PAGE gels and compared with the amount that remained in the supernatant (bottom). Lane 1 shows TPX2 incubated with beads in the absence of GST-XLAP2. The positions of TPX2 and LAP2 are indicated on the left of each panel.
If TPX2 and LAP2 interact in vivo, they would be expected to colocalize at least during some parts of the cell cycle. To assess protein distribution, TPX2 and LAP2 were localized in X. laevis tissue culture. Double stain immunofl uorescence microscopy showed that TPX2 and LAP2 overlapped at the nuclear rim in a subset of interphase cells and especially during telophase and early G1 (Fig. 5) . These results are consistent with the idea that TPX2 and LAP2 function together during nuclear reformation.
TPX2 is required for nuclear accumulation of LAP2
LAP2 is involved in attaching nuclear membranes to the underlying lamina and chromatin, and its disruption results in nuclear growth defects (Yang et al., 1997; Gant et al., 1999) . These defects are remarkably similar to the defects observed in TPX2-∆ extracts. We therefore wondered whether the interaction between LAP2 and TPX2 is important for nuclear assembly. To test this hypothesis, we monitored LAP2 localization in TPX2-∆ nuclei. Immunofl uorescence revealed that LAP2 localized mainly to the nuclear rim during the early stages of nuclear assembly in mock-depleted extracts and to punctate structures at later stages (Fig. 6 A, a) but was distributed more diffusely throughout the nuclei at all stages in TPX2-∆ extracts (Fig. 6 A, b, and Fig. S3 , available at http://www.jcb.org/cgi/content/full/ jcb.200512107/DC1). There also was an overall reduction in the amount of LAP2 associated with TPX2-∆ nuclei. To test whether mislocalization was specifi c to LAP2 or a more general phenomenon, nuclei were also stained for lamin B3 or for NPC components using mAb414 (Fig. S2) . Taking into account the differences in shape and size of TPX2-∆ and mock-depleted nuclei, both lamina and NPC assembly appeared qualitatively similar in TPX2-∆ extracts compared with mock-depleted extracts (Fig. S2) . Similarly, TPX2 localization seemed unaffected by the addition of bacterially expressed human LAP2 1-408 to nuclear assembly reactions (Fig. 6 B) , a condition that disrupts endogenous LAP2 function (Gant et al., 1999) . Together, these results suggest that TPX2 is required for LAP2 localization and that this activity of TPX2 is required for proper nuclear assembly.
Discussion
TPX2 has well-documented functions in mitotic spindle assembly and in the formation of microtubules near the chromosomes (for review see Gruss and Vernos, 2004) , although the molecular mechanisms by which it carries out these functions remain obscure. Consistent with its role in spindle assembly, TPX2 localizes to the spindle poles in mitosis, and a variety of mitotic binding partners for TPX2 have been described (Wittmann et al., 2000; Gruss et al., 2001; Kufer et al., 2002; Tsai et al., 2003; Eyers and Maller, 2004; Groen et al., 2004) . During interphase, however, TPX2 accumulates in the nucleus, and this nuclear accumulation of TPX2 could serve to stockpile functional protein for use during the next mitosis while preventing it from disturbing the interphase microtubule array. Alternatively, TPX2 could play a role in nuclear assembly or function.
The results reported here show for the fi rst time that TPX2 plays a role during nuclear reformation after mitosis. Our most unexpected fi ndings were that depletion of TPX2 from interphase X. laevis egg extracts severely affected nuclear size and that these effects appeared to be mediated through the interaction of TPX2 with the nuclear assembly protein LAP2. Surprisingly, depletion of TPX2 did not disrupt nuclear function, as TPX2-∆ nuclei were able to specifi cally import nuclear substrates and replicate their DNA. Indeed, in fi ve out of seven independent experiments, TPX2-∆ nuclei replicated their DNA up to 2.5-fold more effi ciently than mock-depleted controls. This increase in DNA replication effi ciency is strikingly similar to the phenotype of "overexpressing" a human LAP2β truncation mutant encompassing the lamin and chromatin binding region (amino acids 1-408) in X. laevis egg extracts (Gant et al., 1999) . These results are consistent with the idea that the concentrations of factors inside the nucleus, rather than nuclear structure by itself, are essential for replication competence (Walter et al., 1998 ), although we cannot yet rule out a direct role for TPX2 in regulating DNA replication.
Our fi nding that TPX2 depletion results in small nuclei is reminiscent of the results reported by Yang et al. (1997) , who showed that microinjection of the lamin binding region of rat LAP2 strongly inhibited the threefold nuclear volume increase that takes place during early G1 in HeLa cells (Yang et al., 1997) . Similarly, addition of a dominant-negative LAP2 mutant to X. laevis egg extracts resulted in membrane attachment and nuclear expansion defects (Gant et al., 1999) .
Two possibilities exist to explain the observed nuclear morphology defects in TPX2-∆ nuclei: TPX2 could be required to regulate NE assembly (presumably through interaction with LAP2) or, alternatively, depletion of TPX2 could result in codepletion of LAP2 from the system. Two arguments suggest that the second possibility is less likely: (1) in extracts from which routinely >98% of TPX2 had been removed by immunodepletion, at least 90% of LAP2 remained in the extract (Fig. 4 B, d ). More important, nuclear size could largely be rescued by readdition of bacterially expressed recombinant TPX2 alone. (2) Addition of exogenous TPX2 also disrupted nuclear morphology under conditions where the levels of LAP2 have not been altered. We therefore favor the hypothesis that TPX2 functions in NE assembly by regulating LAP2.
Our fi nding that LAP2 fails to accumulate in TPX2-∆ nuclei, whereas the localization of TPX2 is unaffected when LAP2 is disrupted, suggests that TPX2 might play a role in the targeting or perhaps anchoring of LAP2. Furthermore, the fi ndings that both reduction and increase in the levels of TPX2 affect nuclear morphology and that TPX2 needs to be present during the early stages of nuclear reformation suggest that the stoichiometry of TPX2 and LAP2 during the early stages of nuclear assembly is important. In this context, it is interesting to note that TPX2 protein levels are tightly regulated during the cell cycle Stewart and Fang, 2005) . Although recent studies showed that the bulk of TPX2 is degraded via the anaphase promoting complex/cyclosome and its activator Cdh1 (APC/C Cdh1 ) after mitosis in HeLa cells (Stewart and Fang, 2005) , analysis of individual cells (both the X. laevis tissue culture cells used here and HeLa cells; Stewart and Fang, 2005) shows that detectable levels of TPX2 are still present during telophase and cytokinesis, i.e., during the early stages of nuclear reformation. These results are consistent with the notion that TPX2 acts before the chromatin is enclosed in a NE (Fig. 1) . Presumably, its degradation after nuclear enclosure has little consequence for nuclear assembly, although this hypothesis remains to be tested experimentally. Although the presence of TPX2 during nuclear reformation in tissue culture cells does not prove that TPX2 is required for this process, our fi ndings are consistent with the idea that the involvement of TPX2 in nuclear reformation is not restricted to early embryos but may be a feature of somatic cells as well.
In summary, four lines of evidence lead us to propose that TPX2 regulates LAP2 function during nuclear assembly: (1) TPX2 interacts with LAP2 in vitro and during interphase but much less during mitosis, and both proteins localize to the nuclear rim; (2) the phenotypes of disrupting LAP2 or TPX2 are remarkably similar; (3) both TPX2 and LAP2 are required during the early stages of NE reformation; and (4) LAP2 distribution is disrupted in TPX2-∆ nuclei.
Perhaps our results can help provide an explanation for the different phenotypes observed upon TPX2 depletion from mitotic egg extracts (Wittmann et al., 2000) , X. laevis tissue culture cells (Schatz et al., 2003) , or human tissue culture cells (Garrett et al., 2002; Gruss et al., 2002) , which included spindles with unfocused spindle poles, mitotic cells with two robust asters that are unable to assemble a spindle midzone, and a complete absence of microtubules. Depending on the amount of TPX2 that remains in the extracts or cells, it is possible that one or more of the observed phenotypes is a consequence of defects in nuclear assembly or growth after the previous cell division rather than a mitotic defect. We are currently exploring these possibilities further.
Materials and methods
Antibodies TPX2 antibodies (diluted 1:1,000 for indirect immunofl uorescence [IIF]) were raised in rabbits against full-length recombinant TPX2 protein and affi nity purifi ed (Tsai et al., 2003) . For the depletion experiments, affi nitypurifi ed TPX2 antibodies were cross-linked to protein A beads as described previously (Harlow and Lane, 1988) . Rabbit polyclonal antibodies against human LAP2β (2805; raised against amino acids 1-408 of human LAP2β; diluted 1:1,000 for IIF) or against X. laevis LAP2 (2807; raised against amino acids 1-165 of X. laevis LAP2; diluted 1:10,000 for Western blot) were provided by K. Wilson (Johns Hopkins Medical School, Baltimore, MD). Guinea pig polyclonal antibodies against X. laevis LAP2 (diluted 1:500 for IIF and 1:3,000 for Western blots) were described in Lang and Krohne (2003) . Monoclonal antibody L6-5D5, directed against X. laevis lamin B3 (Stick, 1988) were diluted 1:400 for IIF and were a gift from R. Stick (University of Bremen, Bremen, Germany) and Bob Goldman (Northwestern University, Chicago, IL). MAb414 antibodies were purchased from Covance and were diluted 1:5,000 for IIF. Alexa 488-or Alexa 594-conjugated secondary antibodies (1:1,000) were purchased from Invitrogen. Alkaline-phosphatase-linked secondary antibodies used for Western blots were purchased from Sigma-Aldrich.
Protein purifi cation X. laevis TPX2 fused to GST (using the vector pGEX-6P2 [GE Healthcare]; Tsai et al., 2003) was expressed in Escherichia coli strain MG1655 ∆KJ (a gift from E. Craig, University of Wisconsin-Madison, Madison, WI). This bacterial strain was used to express TPX2 because chaperones were a common contaminant in our TPX2 preparations and this strain lacks the heat shock proteins DnaJ and DnaK (Kang and Craig, 1990) , thus yielding more highly purifi ed TPX2. GST-TPX2 was purifi ed on glutathione-agarose beads according to the manufacturer's instructions and either it was used directly (in the case of the pull-down experiments; Fig. 4 ) or the GST tag was removed from the protein (add-back experiments and in vitro interactions; Figs. 1, 4, and 6) by incubation with PreScission Protease (GE Healthcare) as described by the manufacturer. In either case, the protein was concentrated to ‫5ف‬ mg/ml, dialyzed overnight against XB buffer (10 mM K-Hepes, 100 mM KCl, 1 mM MgCl 2 , 0.1 mM CaCl 2 , and 50 mM sucrose, pH 7.6) supplemented with 1 mM DTT, and small aliquots were fl ash frozen in liquid nitrogen and stored at −80°C.
Human 6-His LAP2β (amino acids 1-408 of human LAP2β) was a gift from K. Wilson and was purifi ed as described previously (Gant et al., 1999) . The GST X. laevis LAP2β construct (amino acids 1-471 of X. laevis LAP2) was a gift from G. Krohne (University of Würzburg, Würzburg, Germany) and was purifi ed on glutathione-agarose beads according to the manufacturer's instructions. The protein was concentrated to ‫5ف‬ mg/ml, dialyzed against XB buffer, fl ash frozen in small aliquots in liquid nitrogen, and stored at −80°C.
X. laevis egg extracts and TPX2 depletions
Crude interphase nuclear assembly extracts were prepared as described previously (Newmeyer and Wilson, 1991) and were used fresh for all experiments except for the GST pull downs, for which extracts were prepared by cycling mitotic extracts (Murray, 1991; Desai et al., 1999) into interphase by the addition of 400 μM Ca 2+ . To deplete extracts, 200 μl of freshly prepared crude extracts were incubated twice for 1 h each with 50 μl of Affi -Prep protein A beads (Bio-Rad Laboratories) crosslinked to antibodies (anti-TPX2 or nonimmune rabbit IgG) at 4°C. The beads were removed from the depleted extracts by a brief (10-s) centrifugation in a nanofuge.
Nuclear assembly reactions
Demembranated X. laevis sperm chromatin (1,000/microliter fi nal; Murray, 1991) was added to 20 μl of extract on ice, and the reaction was moved to room temperature to initiate nuclear assembly. Reactions were incubated for 80 min unless otherwise indicated. For reconstitution experiments, purifi ed TPX2 (without the GST tag) was added (100 nM fi nal concentration) to extracts that were previously depleted of endogenous TPX2.
Probes for NE components
To visualize nuclear membranes, nuclear assembly reactions were spotted onto a microscope slide and mixed (2:1) with a solution containing 3.7% formaldehyde, 20 μg/ml bisbenzimide H33342 trihydrochloride fl uorophore (Hoechst dye; Calbiochem), and 20 μg/ml DHCC (DiOC 6 ; Invitrogen) membrane dye in membrane wash buffer (MWB; 250 mM sucrose, 50 mM KCl, 2.5 mM MgCl 2 , 50 mM Hepes, 1 mM DTT, 1 mM ATP, and 1 μg/ml LPC, pH 8.0). Nuclear membranes and DNA were visualized by fl uorescence or by differential interference contrast microscopy, as indicated.
For immunofl uorescence of in vitro-assembled nuclei, nuclear assembly reactions were incubated for 80 min (or the indicated times; Fig. 6 ) and processed as described by Mills et al. (1989) , with the following modifi cations. 200 μl of fi x solution (4% formaldehyde in nuclear wash buffer [200 mM sucrose, 50 mM KCl, 2.5 mM MgCl 2 , 15 mM Hepes, pH 7.4, and 1 mM DTT]) was added to 20 μl of a nuclear assembly reaction, and the mixture was incubated for 10 min at 22-25°C. The mixture was layered over a 2-ml cushion of 30% sucrose in nuclear wash buffer in a glass tube (Corex) modifi ed to hold a coverslip, as described by Mitchison and Kirschner (1986) . The samples were then spun (3,400 rpm for 7 min at 4°C; JS13 rotor [Beckman Coulter]) onto poly-lysine-coated coverslips, and the coverslips were processed for immunofl uorescence (mAb 414, lamin B3, or LAP2) as described (see Immunofl uorescence and microscopy).
Nuclear import assays
Nucleoplasmin was purifi ed from extracts and labeled with 5 (and 6) carboxytetramethylrhodamine succinimidyl ester ("tetramethylrhodamine"; Invitrogen) as described previously (Newmeyer and Wilson, 1991) . Labeled nucleoplasmin was added to nuclear assembly reactions 60 min after initiating assembly, and the mixture was incubated for a further 20 min. A 2-μl reaction sample was then spotted onto a coverslip, fi xed with 1 μl of 3.7% formaldehyde in MWB containing 20 μg/ml Hoechst dye, and viewed under the fl uorescence microscope.
Dextran exclusion assays
The integrity of the NE membranes was visualized using dextran exclusion. 155-kD TRITC-dextran (0.1 mg/ml fi nal; Sigma-Aldrich) was added to nuclear assembly reactions after 60 min of assembly, and the reactions were allowed to proceed for another 20 min. A 2-μl reaction sample was then spotted onto a coverslip, fi xed with 1 μl of 3.7% formaldehyde in MWB containing 20 μg/ml Hoechst dye, and viewed in the fl uorescence microscope.
TPX2 and LAP2 overexpression
For TPX2 overexpression, nuclear assembly reactions were supplemented with 0.2, 1.5, 2.5, 3.5, or 6.0 μM of recombinant TPX2 (without the GST) purifi ed from bacteria. For LAP2 overexpression, reactions were supplemented with 3.0 μM bacterially expressed recombinant human LAP2β. Control reactions were supplemented with XB buffer. After incubation at 22-25°C for 80 min, the reactions were fi xed in solution and spun onto poly-lysine-coated coverslips (described in Probes for NE components). Nuclear size was assessed based on DNA staining with Hoechst dye.
Immunofl uorescence and microscopy XLKWG cells were grown on coverslips (Martin et al., 1998) , washed once with PBS, and fi xed in 4% paraformaldehyde in PBS for 10 min. Nuclear assembly reactions were fi xed in solution and spun onto polylysine-coated coverslips (described in Probes for NE components). For IIF, coverslips (of cells or nuclear assembly reactions) were washed with TBS-T (150 mM NaCl, 20 mM Tris-HCl, pH 7.4, and 0.1% Triton X-100), and nonspecifi c binding was blocked by incubation with Abdil (TBS-T plus 2% BSA and 0.1% sodium azide) for 40 min. Coverslips were then incubated with the appropriate primary and secondary antibodies (diluted in Abdil) for 1 h each in a humidifi ed chamber at 22°C. To visualize DNA, coverslips were rinsed in water, dipped into a solution of 200 μg/ml Hoechst dye in water for 15 s, rinsed again in water, and mounted in mounting medium (SigmaAldrich). Samples were photographed with a cooled charge-coupled device camera (Photometrics CoolSnap HQ; Roper Scientifi c, Inc.) through a 60×/1.4 NA plan apo objective mounted on a fl uorescence microscope (Eclipse E800; Nikon). Images were obtained using MetaMorph software and processed using Photoshop (Adobe).
EM
Samples were processed for EM by a modifi cation of the procedure described by Macaulay and Forbes (1996) . 50 μl of mock or TPX2-∆ nuclear assembly reactions were diluted in 500 μl of ice-cold MWB, the mixture was placed on ice, and 550 μl of EM fi x (250 mM sucrose, 100 mM Hepes, pH 8.0, 1.5 mM MgCl 2 , 1.5 mM CaCl 2 , 1% glutaraldehyde, and 0.5% paraformaldehyde) was slowly added to the diluted nuclei. The reactions were incubated on ice for 1 h, and the nuclei were collected at top speed in a horizontal rotor for 3 min. The pellets were washed three times (10 min per wash) in 0.2 M cacodylate, pH 7.4, and were incubated in 1% OsO 4 buffered in 0.2 M cacodylate, pH 7.4, for 1 h on ice. The pellets were washed twice (5 min each) in ddH 2 O and were stained overnight on ice with 1% uranyl acetate in ddH 2 O. The pellets were dehydrated through a graded ethanol series (50, 75, 95, and 100% pure ethanol) . Dehydrated pellets were embedded in Spurr's low viscosity medium (Ted Pella, Inc.) and hardened at 70°C for 20 h. Blocks were sectioned, poststained with 1% uranyl acetate and lead citrate, and viewed at 75 kV on an electron microscope (H-7000; Hitachi).
Nuclear size measurements
Nuclear area was measured using the trace region function of MetaMorph to outline individual nuclei. The area enclosed in the outlined region was measured using the region measurements function. At least 50 nuclei were measured per condition in each of fi ve separate experiments. Standard deviations were calculated from the mean nuclear size for each experiment.
DNA replication assays DNA replication was measured in seven independent experiments by incorporation of [ 32 P]dCTP (3,000 Ci/mmol; Redivue [GE Healthcare]) as described by Powers et al. (1995) with the following modifi cations: 20 μl of extract (TPX2-∆, mock-depleted, or negative control extract) was supplemented with 1,000 sperm/microliter and 10 μCi of [ 32 P]dCTP and was incubated for 3 h at 22°C. Two types of negative controls were used with identical results: extract treated with 50 μM aphidicolin (Fisher Scientifi c) or mitotic extract. After addition of an equal amount of stop buffer (80 mM Tris-HCl, pH 8.0, 8 mM EDTA, 0.13% phosphoric acid, 10% Ficoll, 5% SDS, and 0.2% bromophenol blue) and proteinase K digestion (Powers et al., 1995) , the samples were separated on a 0.8% agarose gel. Incorporation of label was detected by autoradiography of the wet gel using a PhosphorImager and was quantitated using Photoshop.
GST pull downs
To keep the conditions between mitotic and interphase pull downs as similar as possible, we prepared interphase extract from an aliquot of mitotic extract by the addition of 400 μM Ca 2+ . GST-TPX2 pull downs from mitotic and interphase extracts were performed as described previously (O'Brien et al., 2005) . In brief, GST-TPX2, GST alone, or buffer were added to extract and incubated at 4°C on a rotator. After 30 min, glutathione-agarose beads (Sigma-Aldrich) were added, and the mixture was incubated for an additional 60 min at 4°C. The beads were retrieved by a brief spin and washed, and bound proteins were eluted by digesting with PreScission protease. Eluted proteins were separated on 10% SDS-PAGE gels and visualized by staining with Coomassie stain or transferred to nitrocellulose and Western blotted according to standard protocols.
Immunoprecipitations
To immunoprecipitate TPX2 or LAP2, 100 μl of freshly prepared crude extracts were incubated for 1 h at 4°C with antibodies covalently cross-linked to Affi -Prep protein A beads. Antibodies used were rabbit anti-TPX2, guinea pig anti-X. laevis LAP2, or rabbit IgG against an irrelevant antigen (maskin; O'Brien et al., 2005) . The beads were collected by a brief (10-s) centrifugation in a nanofuge, washed three times with HB (50 mM Hepes, 1 mM EGTA, and 1 mM MgCl 2 , pH 7.6) plus 100 mM NaCl and once in HB plus 250 mM NaCl. The beads were then resuspended in 25 μl of 2× SDS sample buffer and boiled. Equal fractions of each sample were then separated by 10% SDS-PAGE, transferred to nitrocellulose, and Western blotted according to standard protocols.
Mass spectrometry
GST-TPX2 pull downs were concentrated and separated on a 10% gel. Gel bands were excised from the gel and prepared as described previously (http://www.biotech.wisc.edu/ServicesResearch/MassSpec/ingel.htm). MALDI-TOF mass spectrometry was performed by facility staff on a matrixassisted laser desorption ionization-time of fl ight instrument (BIFLEX III; Bruker Daltonics).
In vitro binding assays
Increasing amounts of bacterially expressed purifi ed recombinant TPX2 (without the GST tag) were combined with 3.6 μM of bacterially expressed purifi ed GST-X. laevis LAP2 in a test tube in a total volume of 50 μl. Molar ratios of LAP2/TPX2 were 5:1, 2.5:1, 1:1, 1:2.5, and 1:5. A control reaction contained 3.6 μM of TPX2 but no GST-LAP2. 25 μl of GST-agarose beads were added to each binding reaction, and reactions were incubated for 1 h at 4°C with rotation. The beads were collected by brief centrifugation in a nanofuge, the supernatant was collected, and the beads were washed three times with HB plus 100 mM NaCl and once with 0.1% Triton X-100 in HB plus 250 mM NaCl. Proteins were eluted from the beads by boiling in SDS sample buffer. 4× SDS sample buffer was added to the supernatant to 1×. 20 μl of the beads or 30 μl of supernatant were separated by 10% SDS-PAGE. The gel was stained with Coomassie to visualize protein.
Sperm chromatin decondensation assay
Chromatin decondensation was assayed as described by Philpott et al. (1991) , with the following modifi cations: 20 μl of untreated, mock-depleted, or TPX2-∆ X. laevis interphase extract high-speed supernatant (prepared as described by Newmeyer and Wilson [1991] ) was supplemented with ‫000,1ف‬ sperm/microliter and incubated at 22°C. 1, 5, 10, 30, and 60 min after initiation of the reaction, 2-μl samples were spotted onto a coverslip, fi xed with 1 μl of 3.7% formaldehyde in MWB containing 20 μg/ml Hoechst dye, and viewed in the fl uorescence microscope. As a control, sperm chromatin not incubated in extract was spotted directly onto a slide, fi xed, and viewed. Fig. S1 shows the results of the sperm chromatin decondensation assay. Fig. S2 shows nuclei assembled in TPX2 or mock-depleted extracts fi xed at various time points and stained with mAb414 or antibodies to lamin B3. 
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